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ABSTRACT

Accuracy of merging scans of definitive fixed prosthodontic impressions to
obtain single, accurate digitized master casts
Ossama Raffa, BDS
Marquette University, 2020

Introduction: Many impressions sent to commercial laboratory dental technicians may
include marginal defects. In order to fabricate accurate restorations, digital technology may
be used to merge digital files of defective impressions into a single Standard Tesselation
Language (STL) file, free of errors.
Material and Methods: Ivorine teeth on a dentoform were prepared to receive a posterior
fixed dental prosthesis (FDP). A flawless impression was made in a sectional tray using
polyvinyl siloxane (PVS) impression material. An extraoral scanner was used to digitize
the impression; this was the reference cast. Wax was used to create defects on the buccal
and lingual margins of the preparations. Fifteen conventional sectional PVS impressions
were made of the FDP preparations. After impressions were made, the wax was removed,
and new defects were made on the mesial and distal margins of the preparations and an
additional 15 conventional sectional PVS impressions were made in the same fashion. All
impressions were digitized using the same extraoral scanner. For each pair of impressions,
2 STL files were created with the defects that had been incorporated on alternating
preparation margin surfaces. The 2 STL files were then merged and a master cast was
created by eliminating the defects using the scanned data. This master cast was compared
to the reference cast using a reverse engineering software. Positive errors were counted as
areas were the margins of the preparations on the master cast were raised in comparison to
the reference cast, while negative errors were counted as areas were the margins of the
preparations on the master cast were depressed in comparison to the reference cast.
Statistical analysis was done using Microsoft Excel 2016 (Microsoft, WA, USA).
Results: The mean average error in the sample was -0.4 μm. The average upper limit of
95% confidence interval was 36.5 μm, while the average lower limit of 95% confidence
interval was -37.3 μm. The mean RMS of the errors found was 18.9 μm.
Conclusions: Merging digitized definitive impressions to correct marginal defects resulted
in master casts with high level of accuracy relative to the standard reference.
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CHAPTER I
INTRODUCTION

The concept of computer aided manufacturing and computer aided design
(CAD/CAM) in dentistry was first introduced by Dr. Francois Duret in 1973 as part of his
thesis project at Université Claude Bernard, France. It was later presented at the Chicago
Mid-Winter meeting in 1989 as a technique that fabricated definitive crowns in 4 hours.
The first intraoral scanner to become commercially available, CEREC, was developed by
Dr. Werner Mormann, a Swiss dentist, and Marco Brandestini, an electrical engineer.
CAD/CAM technology has become more advanced over time; the latest version of
CEREC has been advertised as being able to mill a crown in 4 minutes.1
Digitizing oral structures has become a widely used concept in dentistry and is
now part of everyday practice. This may be done directly or indirectly using intraoral or
extraoral scanners.2,3 Three-dimensional scanning is gaining popularity in various fields
of dentistry, including prosthodontics, implant dentistry, orthodontics and oral and
maxillofacial surgery.4 Some of the major advantages related to digitizing oral structures
cited in the literature include: immediate evaluation of impression quality, less time for
cast fabrication, less space required for storage, ease of communication with dental
laboratory technicians, ease of communication with patients, efficient workflow for
prostheses and reduced overall costs.5
Digitization may be accomplished using extraoral or intraoral scanners. Three
main categories for extraoral scanners exist based on the technologies used: laser,
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structured light and contact scanners.3 Intraoral scanners are typically non-contact
scanners and may use either light or laser technology.6
When using non-contact scanners, a light or laser is projected onto the object and
a sensor absorbs the reflected light to gather surface data points or point clouds. These
surface data points are subjected to algorithms for reconstruction of the 3D model or
mesh.1,7,8 Both intraoral and extraoral scanners have been shown to fabricate accurate
digital casts.2,9 However, routine use of intraoral scanners has been limited to less
complex prosthodontic procedures, likely due to a progressive distortion that occurs in
the dataset when scanning large areas.2 The distortion occurs because intraoral scanners
have a smaller measuring area necessitating merging of more data set images. This may
lead to a higher systematic error than extraoral scanners.2,9 Therefore, extraoral scanners
may be preferred for more complex cases. Another critical drawback of intraoral
scanning is that it is a purely optical system; therefore, deep subgingival margins are
difficult or sometimes impossible to capture accurately.2,7,9-11 Furthermore, direct image
acquisition using intraoral scanners may be complicated by movement of the patient or
dentist, moisture present in the scanning field and/or space restrictions of working
intraorally. Extraoral scanners, on the other hand, may introduce errors inherent to
impression making and cast fabrication.9 However, extraoral scanners may still be
preferred for many clinical situations because they offer better control of the digitization
process in a more convenient setting.12
When comparing performance of digitizing systems, many researchers are
concerned with accuracy. Accuracy has been subcategorized into trueness and precision
according to ISO standards 5725-1.6
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Trueness

Precision

Figure 1. Diagrams that distinguish accuracy from precision.

A scanner with high trueness produces a scan which may be more accurate relative to the
true dimensions of the scanned object. A scanner with high precision produces consistent
scans which have repeatable dimensions close to each other.6
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Table 1. List of some commercially available intraoral and extraoral scanners (2020).
Type of system

System name

Manufacturer

Country

Intraoral

TRIOS

3Shape

Denmark

Intraoral

iTero

CADENT Ltd.

Israel

Intraoral

Lava™ C.O.S.

3M ESPE

USA

Intraoral

CEREC

Sirona Dental System

Germany

Intraoral

Planscan

Planmeca

Finland

Intraoral

IOS FastScan

IOS TECHNOLOGIES, Inc.

USA

Intraoral

Condor

Remedent Inc.

Belgium

Intraoral

CS3500

Carestream Health, Inc.

USA

Intraoral

DigImprint

Steinbichler Optotechnik

Germany

Intraoral

MIA3d™

Densys3D Ltd.

Israel

Intraoral

DPI-3D

DIMENSIONAL

USA

PHOTONICS
INTERNATIONAL, Inc.

Intraoral

3DProgress

MHTS.p.A.(Italy) and MHT

Italy and Switzerland

Optic Research AG
(Switzerland)

Intraoral

DirectScan

HINT – ELS GmbH

Germany
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Extraoral

E3, D250 and D640.

3Shape

Denmark

Extraoral

Everest scan Pro,

KaVo Dental

Germany

Extraoral

LavaScan,

3M ESPE

Germany

Extraoral

Zeno Scan S100

Weiland Dental

Germany

Extraoral

ODKM97

Fraunhofer

Germany

Extraoral

digiSCAN

AmannGirrbach

Germany

6
CHAPTER II
BACKGROUND AND SIGNIFICANCE

Difficulties in Capturing Oral Structures

Accuracy of dental restorations is influenced by how well oral structures are
captured or recorded. When using conventional methods for fabrication of dental casts, a
multitude of factors may play a role in precision of the final outcomes. These include the
method and material used for making impressions, as well as, correct handling of these
materials. Polyether impressions, for example, usually distort over time and can only be
poured once and within 24 hours of impression making. Addition silicones on the other
hand, are more stable dimensionally and may be poured multiple times.13 Clinical factors
such as the ability to achieve adequate moisture control, as well as tissue retraction, may
also play a role; this may be critical especially for hydrophobic materials such as addition
silicones.14
The use of individualized (custom) trays may influence clinical accuracy as they
provide uniform thickness for the impression materials. Many materials may be used for
fabrication of custom trays. Auto-polymerizing acrylic resins are commonly used;
however, these materials tend to undergo polymerization shrinkage up to 24 hours after
fabrication. To compensate for polymerization shrinkage, definitive impressions must be
deferred for at least 24 hours. Mishandling of these materials may introduce another
source of error in the conventional workflow.13 Martinez et al. assessed two visible-lightcured resin custom tray materials and an autopolymerizing polymethyl methacrylate resin
custom tray material. Their results showed that all 3 materials, when used correctly, may
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produce clinically acceptable casts; differences in accuracy between the materials was not
clinically significant.15
Another important variable influencing accuracy of impressions made of prepared
teeth adjacent to gingival tissues is the width of the gingival sulcus. The sulcus must have
adequate width to allow impression material to achieve enough thickness to avoid tearing
and distortion. When gingival sulci are too narrow, materials such as addition silicones
may tear at the margin while materials with high tear strength, such as polysulfide
impression materials will tend to distort.16
Laufer et al. (1994) compared the accuracy of impressions made on a metallic
model with prepared teeth and varying sulcular widths. They found that as sulcus widths
decreased between 0.08-0.12mm, 50-90% of impressions had defects.17 Laufer et al.
(1996) conducted a similar study and found that between 70-100% of impressions made
in sulci with sulcus widths of 0.05mm had defects. On the contrary, sulcular widths
between 0.2-0.4mm had almost no defects present when impressions were made.16

Margin Acceptability and Confounding Factors

For convenient and cost-effective evaluation of marginal gaps, the replica
technique has been widely implemented in research. This technique involves using an
impression material to seat the restorations on the master dies and evaluating the
thickness of this material after polymerization.18
Colpani et al. conducted an in-vitro study and evaluated marginal gaps using the
replica technique by using different crown infrastructure materials and fabrication
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techniques. They specifically looked at zirconia materials fabricated with CAD/CAM
technology or slip casting and compared it to conventional nickel-chromium alloy cast
infrastructures as the standard. Their results showed that marginal gaps for CAD/CAM
zirconia restorations ranged from 25-35 μm while slip cast infrastructures had marginal
gaps of approximately 36 μm. For the nickel-chromium casted alloy, marginal gaps
exhibited the lowest values (~13 μm).18

Marginal integrity is an important aspect in fixed prosthodontics and is related to
the success and longevity of indirect restorations.19 Clinically deficient margins may be
detrimental to periodontal health and may contribute to development of recurrent caries.
20,21

However, whether margin quality has direct effects on development of caries is

unclear. This is due to the presence of confounding factors, such as poor oral hygiene
which has been reported to have a significant effect on caries development.22
Furthermore, diagnosis of carious lesions under restoration margins is often difficult and
dentists may often miss these lesions.23
Another clinical consideration relative to the size of marginal gaps of indirect
restorations is cement dissolution. Currently available dental cements are usually soluble
in oral fluids; they have been classically described as the weak link in cemented
restorations. Jacobs and Windeler conducted an in-vitro study to assess the influence of
marginal gaps of 25 μm to 150 μm on dissolution of zinc phosphate cement used to
adhere circular quartz disks. The disks were placed in lactic acid solution and the rate of
dissolution was monitored. Results showed that for marginal gaps of 25, 50 and 75 μm,
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no significant differences were found in the rate of cement dissolution. On the other hand,
for disks with 150 μm gaps, an increase in the rate of cement dissolution was observed.24
Evaluating restoration margins is a skill that needs to be developed by
practitioners and improves with experience. Margin locations, crown contours and
extensions can affect ease of evaluation. Supragingival margins are preferred as they are
easier to evaluate by direct visual examination and tactile sensation using an explorer
tip.19
Several studies have assessed marginal acceptability with varying outcomes.
Christensen assessed the marginal acceptability of gold inlay castings, as determined by
experienced practitioners. He found that in the occlusal region, clinicians were stricter
and rejected marginal gaps as small as 26 μm, while in gingival regions, practitioners
were more lenient and accepted gaps up to 119 μm.25
Dedmon also evaluated margin acceptability as it related to limited access. He
reported that 6 experienced clinicians found marginal gaps between 32 μm and 230 μm to
be clinically acceptable. The mean acceptable marginal discrepancy determined by the
clinicians was 104 μm.26
Bronson et al. conducted a study assessing margin acceptability in a laboratory
study; the evaluators were prosthodontists and predoctoral students. Three extracted
teeth, prepared and fitted with complete coverage cast crowns with varying marginal gap
sizes, ranging from 40 μm to 615 μm, were used for the experiment. The prosthodontists
and predoctoral students assessed the crowns and classified them as either acceptable or
unacceptable using an explorer with a 53 μm tip. The assessments were repeated at 6
months. Their results showed that there was complete agreement for marginal gaps of
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615 μm or greater as clinically unacceptable and for 77 μm or less as clinically
acceptable. Prosthodontists and predoctoral students had similar ratings regarding
acceptability, however prosthodontists showed more consistency as a group than did the
predoctoral students.19
Schilling et al. conducted an in-vitro study that assessed the clinical
acceptability of marginal gaps of single castings fabricated with conventional versus
accelerated laboratory protocols using phosphate-bonded investment. For conventional
castings, the invested wax patterns set in the casting rings for at least 1-hour; this was
followed by up to 2 hours of burn out before casting. For the accelerated protocol, the
crowns were invested and cast within 30 minutes. Forty-four castings were made using
these techniques and assessed under a microscope to determine the marginal gaps
present. The results showed that both conventional and accelerated protocols achieved
marginal gaps of ~13 μm.27
When considering all-ceramic crowns, margins are usually deemed acceptable
when they are clinically imperceptible to visual or tactile examination.18 Marginal gaps
for these restorations have been reported to be clinically acceptable between 100-150
μm.28-32

Imaging Modalities Commonly Used for Scanning

Triangulation
This technique is based on processing of 2 stereo images, using 2 cameras with
known respective positions and angulations to construct 3D digital models. There are 2
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types of triangulation: (1) active triangulation in which a radiation source emits light of
different wave lengths onto the desired object in strip patterns, and (2) passive
triangulation in which no light source is used. Reflections from the object are captured by
a charge coupled device. Accuracy of triangulation is affected by the object’s reflectivity.
Objects with higher contrast would be better captured by passive triangulation while
more featureless objects are better captured with active triangulation.1 An example of an
intraoral scanner that uses the active triangulation concept is the CEREC system (Sirona
Dental System, Germany).1,33 Cerec Omnicam is a powderless, video speed scanning
system. Cerec Bluecam makes single images and requires titanium dioxide powder spray
on the surface to be scanned.6

Fig. 2. Illustration of the triangulation concept.

Confocal microscopy
In this technique, point-by-point image acquisition is accomplished from selected
depths by means of ultrafast optical sectioning which are then processed by a computer to
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form a reconstruction of the object’s surface in 3 dimensions. Location and time
dependent patterns of illumination are applied to the objects while the capturing lens is
moved from one focal plane to another. Using this method, accurate reconstructions of
the surface of opaque specimens can be obtained. Structures can be captured without the
need to apply any coatings to the patient's teeth. TRIOS (3Shape, Denmark) and iTero
(CADENT Ltd, Israel) are both examples of systems that operate using confocal
microscopy.1,33

Optical coherence tomography
This imaging technique provides subsurface cross-sectional views of the desired
object. This technique may be helpful in imaging biological tissues. An interferometer is
used to split a broadband source field into a reference and a sample field. The sample
field focuses on a point beneath the surface of the scanned tissue/object. A resultant
modified sample field is scattered back and interferes with the reference field in the
photodetector. The interference of the fringes is then cross correlated, and the object is
reconstructed.1 An example of a chairside scanner using this technology is the E4D
dentist (D4D Technologies LLC, TX, USA).

Technique for using an intraoral scanner:

The steps needed to obtain digital scans intraorally are similar with most available
scanners. Placement of retraction cords in the sulci of the prepared teeth is essential to
expose the preparation margins. Next, the area to be scanned must be thoroughly dried to
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avoid noise or artifacts due to moisture on the desired area. Some systems require powder
to be sprayed on the scanned surface prior to scanning, to facilitate detection by the
scanner. Scanning usually begins on the occlusal surfaces, as they have the most detailed
anatomy and are therefore easiest for the camera to detect. Once the occlusal surfaces
have been captured, the scanning device is moved around the object and more images are
obtained at various angles to capture the remaining surfaces. Missing areas may be
obtained/corrected by rescanning the localized defects or missing areas. Once the scan
has been completed for the prepared and adjacent teeth, the opposing arch is scanned in
the same manner followed by a lateral inter-cuspal scan to record the inter-occlusal
record.34 Muller et. al. conducted an in-vitro study to assess the effect of different
scanning strategies using a TRIOS (3Shape, Denmark) intraoral scanner. They found that
starting from the occlusal surface on each tooth and then moving to the palatal surface
followed by the buccal surface had the highest level of trueness and precision when
performing full arch scans. The lowest level of precision was found when the scan was
started on the buccal surfaces and then moved to the occlusal and palatal surfaces.35

Technique for using an extraoral scanner:

An impression is made of the prepared and adjacent teeth conventionally; the
impressions must be accurate and capture the requisite clinical information. Casts are
then fabricated in dental stone. The casts are positioned or secured on the scanner
platform and the scanning/digitization process commences. Fundamentally, these
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scanners generally have a light/laser source, one or more cameras and a motion system
used for directing the light/laser source towards the area to be scanned.

Merging digitized oral structures

Merging digitized oral and maxillofacial structures is a concept that has become
widely implemented in implant dentistry .36-40 These techniques are used to provide 3dimensional evaluations of anatomical features as they relate to prosthetic and surgical
parameters for determination of optimal implant position and angulation. This is done
using implant planning software that may be used to fabricate surgical templates that
transfer the virtual digital planning into the clinical situation. This concept is known as
computer guided implant placement and offers several advantages.36 Firstly, implant
surgery is less invasive when utilizing guided surgery and may be done using a flapless
approach when indicated. This may be especially useful for anxious patients that have
dental fear or patients with compromised healing capacities. Secondly, as optimal implant
positions can be achieved with guided surgery, improved function and esthetics may be
expected in the definitive prosthesis.36 There are, of course, some limitations to guided
implant surgeries. Ozan et. al. assessed 110 implants placed using stereolithographic
surgical guides and found the mean angular deviation from the planned implant positions
to be 4.1 degrees, while the mean linear deviations were 1.1 mm and 1.4 mm at the
implant head and apex, respectively.41 Other authors have found similar results, however
there have been reports of errors as high as 4.5mm at the implant head and as high as
7.1mm at the implant apex.42,43 Errors of this magnitude may lead to implants being
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placed outside of the alveolus, therefore it may not be wise to rely completely on fullyguided stents and flapless surgery, without confirming the drilling trajectory intraoperatively. It is generally accepted that errors are usually greater at the implant apex and
greater in the vertical rather than horizontal direction.41,42 It also has been established
that teeth supported guides yield greater accuracy with implant placement than do bone
or mucosa supported surgical guides.41-43
Systems used for guided surgery may be static or dynamic, both of which involve
merging digitized oral or prosthetic structures with cone beam computed tomography
(CBCT) scans. Static guides have been implemented more widely due to their lower cost
and ease of use.37 The first version of SimPlant (Dentsply Sirona, PA, USA) was
introduced in 1992 as an implant planning software.38 In 2002, SimPlant (Dentsply
Sirona, PA, USA) introduced their first generation of computer guided surgical templates.
Since then, many implant companies have developed their own guided implant
software.38,39 Most of the recently developed software produce surgical guides based on
merged data from digitized oral structures and CBCT scans by using mutual landmarks
present on both images. The mutual landmarks commonly used in partially edentulous
patients are teeth or parts of teeth.38-30 The accuracy of these guides is dependent on the
cumulative errors that occur from data acquisition and merging to implant guide
production and implant surgery.37 Static guides made with these protocols have been
shown to increase dentists’ ability to place implants accurately regardless of their
experience level.40
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Accuracy of Digitization

Digital vs. Conventional Impressions
Ahlhom et al. conducted a systematic review of the literature that compared the
accuracy of conventional versus digital impressions for fixed prosthodontics. They
reported that digital impression techniques were an acceptable alternative for
conventional impressions when used for crowns and short span fixed dental prostheses
(FDPs), while conventional impressions were still the method of choice for complete arch
cases.44
In an in-vitro study, Azim et al. compared the marginal fit of CAD/CAM lithium
disilicate crowns fabricated from conventional addition silicone impressions, Lava and
iTero intraoral scanning systems. They reported that the average marginal gap for the
conventional impressions were ~112 μm while both intraoral scanners had average
marginal gaps of ~90 μm. Although smaller marginal gaps were found for the digital
workflows, these differences were not significant.45
Seelbach et al. compared the accuracy of all-ceramic crowns fabricated from
conventional addition silicone impressions versus those fabricated from digital scans
using Lava C.O.S. scan, iTero scan and Cerec scan intraoral scanners. They reported that
the mean marginal inaccuracies assessed on the master casts were 30, 41 and 48 μm for
Cerec, iTero and Lava respectively. For conventional impressions, marginal inaccuracies
ranged from 33-68 μm, depending on the impression technique used. These differences
were not significant, and they concluded that digital impressions may be as accurate as
conventional impressions for fabrication of all-ceramic single crowns.46
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Ender et al. found that for complete arch treatments, conventional impressions
were significantly more accurate that digital impressions. Flugge et al. found that the
precision of intraoral scanners decreased with increasing distances between scan bodies.6
Tsirogiannis et al. conducted a systematic review looking only at single-unit
ceramic restorations and found there was no significant difference between the marginal
discrepancy of crowns fabricated from digital versus conventional impressions.47

Intraoral vs. Extraoral Scanners
Bohner et al. compared accuracy of intraoral scanners to extraoral scanners when
scanning single acrylic resin teeth. Trios and Cerec Bluecam intraoral scanners were
compared to D250 and Cerec InEosX5 extraoral scanners. All scans were compared to a
master reference cast made using an industrial computed tomography scanner. No
statistically significant differences were found between the systems. For the Cerec
systems, higher discrepancies were found at the occlusal and cervical regions.11
Guth et al. compared the accuracy of 5 intraoral scanners to those of a laboratory
scanner. They used a titanium model to represent a 4-unit FDP as the testing model,
digitized by an industrial CBCT to act as the reference model. Digitization was also done
using intraoral scanners: CS 3500, Zfx Intrascan, Cerec AC Bluecam, Cerec AC
Omnicam and 3M True Definition. After digitization, 12 polyether impressions were
made, poured and the casts were scanned using a D-810 Lab scanner. The STL files were
imported to Qualify 12 (Version 02.01.2012; Geomagic, Morrisville, NC, USA). The
data sets were reduced to the field of interest; this facilitated a precise superimposition of
the images. A best fit algorithm was used for comparison. True Def and CS500 had the
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best overall performances regarding trueness and precision with ~11 μm and ~14 μm
mean absolute deviations, respectively.2
Mandelli et al. conducted an in-vitro study that compared the accuracy in terms of
trueness and precision of 7 commercial extraoral scanners (GC Europe Aadva, Zfx
Evolution, 3Shape D640, 3Shape D700, NobilMetal Sinergia, EGS DScan3, Open
Technologies Concept Scan Top). An airborne particle, abraded titanium model was used
as the test subject and scans were obtained using an industrial 3-D scanner for the
reference model. STL files obtained from the 7 commercial scanners were compared to
the reference model using Geomagic Qualify 2013. (Geomagic, Morrisville, NC, USA).
Results of the study showed that Aadva and Zfx Evolution performed significantly better
than the other scanners. They also showed that employing a standardized reference model
and scanning technique was suitable to compare the trueness of scanning systems.48
In 2016, Villaumbrosia et al. measured the accuracy of 6 extraoral scanners used
to scan a polyetheretherketone (PEEK) master die prepared with sharp rough areas versus
smooth regular areas. The scanners used were IScan D101, Lavascan ST, SmartOptics
activity 101, 3Shape D640, Zenoscan S100 and Renishaw Incise. Acquired scans were
compared to a master scan using a coordinate measuring machine. Geomagic Qualify
12.1.12 was used to compare and analyze the data. The results demonstrated that the
Zenoscan S100 produced the most accurate and precise scans. However, all scanners
produced clinically acceptable scans. Smooth and regular surfaces were scanned more
accurately that sharp roughened ones.3
Boeddinghaus et al. conducted a clinical trial that tested the accuracy of intraoral
versus extraoral scanners for fabrication of single crowns. Intraoral scans were made for
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24 patients using: Cerec AC Omnicam, Heraeus Cara TRIOS and 3M Lava True
Definition. Conventional impressions were also made and poured and the casts were
scanned using a 3Shape D700 laboratory scanner. From these techniques, 4 zirconia
copings per tooth were made and assessed using a replica impression technique. Copings
were seated clinically with extra light body material, and following removal, were filled
with another light body PVS to stabilize them. The copings were removed and the PVS
replicas were sectioned and examined under a microscope. The results showed that while
True Definition had the lowest marginal gaps, all the techniques where clinically
acceptable.10
Renne et al. evaluated the accuracy of 7 digital scanners (6 intraoral and 1
extraoral) regarding posterior sextant versus complete arch scans. A complete arch model
customized to have a similar refractive index to tooth structure was used. Seven scanners
were used to obtain partial and full scans of the model. To minimize bias, each scanner
was used by an examiner who was experienced in that system. These scans were
compared to a master reference scan, made using an industrial 3D scanner. All scans
were analyzed using the Geomagic Control 2015 (Geomagic, Morrisville, NC, USA).
The results showed that the Planscan intraoral scanner was the most accurate and precise
for sextant scans, while the 3Shape D800 lab scanner performed best for complete arch
scans. Of the intraoral scanners, the Carestream Dental and iTero scanners had the
highest accuracy and precision.6
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Miscellaneous Factors
Renne et al. conducted an in-vitro study that evaluated the marginal fit of 75
crowns fabricated using the E4D CAD/CAM system in the presence or absence of
common preparation errors. The mean marginal gap found in crowns fabricated on ideal
preparations was 38.5 μm, while the mean marginal gap found in crowns fabricated on
poor quality preparations was 90.1 μm. The authors concluded that preparation quality
had a significant impact on the marginal fit of CAD/CAM crowns.49
Several in vitro studies that have compared scanners have used models made of
materials with different refractive indexes than teeth and this may not provide clinically
reliable information.6 Nedelcu and Persson conducted an in-vitro study to assess the
influence of different test materials on the accuracy of 4 intraoral scanners. Dies were
fabricated from polymethyl methacrylate, titanium and zirconia and then scanned using
an industrial optical scanner as a reference. The dies were then scanned using 3M Lava
COS, Cerec AC/Bluecam and iTero compared to the reference scans. They found that
scanner accuracy was significantly affected by the test surface being scanned and the
scanner used.50
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Table 2. Summary of findings from the literature review.
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Statement of the problem:
Samet et al. evaluated a total of 193 FDP impressions, immediately after their
arrival at 11 dental laboratories. They found that 89.1% had 1 or more observable errors;
almost 50% of the errors occurred at the finish line of the preparations.51
Conventional impressions are still an essential part of fixed prosthodontics. Some
situations such as deep subgingival margins, areas with difficult moisture control or
complete arch prosthodontics may still require conventional impressions. Moreover,
many dental offices do not have access to intraoral scanners and rely completely on
conventional impressions. It has been well-established that these impressions may often
have deficiencies or flaws that require repeating the impressions several times. This can
be frustrating for clinicians and patients; therefore, many impressions sent to commercial
dental laboratory technicians still have some defects. In order to fabricate accurately
fitting restorations, digital technology may be used to merge multiple defective
impressions into a single STL file.

Purpose and Null Hypothesis:
The purpose of this study was to compare the accuracy of digital master casts
reconstructed from merged STL files of defective impressions with those of the original
preparations. The null hypothesis is that merging digitized STL files of multiple defective
impressions will be no different from conventional impressions and the resultant master
casts.
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CHAPTER III
MATERIALS AND METHODS

Ivorine teeth on a dentoform (Columbia Dentoform Corporation, USA) were
prepared to receive a 3-unit posterior FDP that replaced the maxillary right second
premolar. Standard preparations for all-ceramic restorations were used with 1.5-2mm
axial and occlusal reductions and 1mm deep chamfer finish lines for both abutments (#3
and #5). All margins were placed supragingival for ease of scanning and impressions
(Fig. 3).
After the preparations were made, three conventional sectional impressions were
made using light and medium body PVS impression material, Imprint II Garant Quick
Step (3M ESPE, MN, USA). Care was taken to make sure these impressions were free of
any defects. An extraoral scanner (E3, 3Shape, Denmark) was used to digitize these
impressions and STL files were created. No powder application was required to make
these scans (Fig. 4).
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Figure 3. Master casts with and without wax defects.
Figure 3 shows prepared teeth without defects (left); prepared teeth with artificial defects
on the mesial and distal surfaces of both preparations (middle); prepared teeth with
artificial defects on the buccal and palatal surfaces of both preparations (right).
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Figure 4. Impression prepared for scanning on impression stand in 3Shape E3
extraoral scanner.

The STL files were imported into Geomagic Control 2015 (Geomagic,
Morrisville, NC, USA) and superimposed over each other using the preparations’ surface
anatomy as landmarks. A 3-dimensional analysis was done to assess the precision of data
acquisition. Once these STL files were verified as precise, the first impression scan was
considered as the reference cast (Fig. 5).
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Figure 5. Screen shot of preparations #3, 5 from merged defect-free impressions.

Wax droplets were used to create defects on the margins of the preparations.
Defects were placed on the buccal and palatal margins of both abutments using green
inlay casting wax (Kerr Corporation, CA, USA) applied with P.K. Thomas waxing
instruments (Hu-Friedy, Chicago, USA). Fifteen conventional sectional PVS impressions
(Imprint II Garant Quick Step, 3M ESPE, MN, USA) were made for the FDP
preparations using stock trays. After the impressions were made, the wax was removed,
and new defects were created on the mesial and distal margins of both abutments. Fifteen
conventional sectional PVS impressions were made in the same fashion. Sample size was
determined using previous studies that assessed precision and accuracy of scanning
systems (Fig. 6).2,3,9,11
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Figure 6. One example of light and medium body PVS impressions of the tooth
preparations with defects on opposing surfaces.

Each impression was digitized using the same extraoral scanner (3Shape E3
extraoral scanner). For each pair of impressions, 2 STL files were created with the voids
that had been incorporated on opposing surfaces. The 2 STL files were imported into the
Geomagic control 2015 software (Geomagic, Morrisville, NC, USA). The voids were
removed digitally, and the files were merged using the unaltered preparation anatomy as
landmarks for the best fit algorithm to create a new digital master cast free of defects
(Fig. 9). This master cast was compared to the reference cast using the same software.
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Figure 7. Screen shots that illustrate the digitization process using 3Shape E3 extraoral
scanner.
Figure 7 is an example of the method used for digitizing the impressions using the
3Shape E3 extraoral scanner. A, Initial surface scan; B, Selected area of interest; C, First
layer of surface points captured by the scanner; D, Selecting areas of interest for additive
scanning to capture areas missed in the first capture; E, Additive scanning with additional
surface points captured regarding areas missed in first scan; F, Digitized cast with mesial
and distal artificial defects.
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Figure 8. Screen shots of the STL files imported into Geomagic Control 2015
(Geomagic, Morrisville, NC, USA).
Figure 8 shows screen shots of the STL files of the test casts imported into Geomagic
Control 2015 (Geomagic, Morrisville, NC, USA) software after the casts were trimmed
digitally. Note the defects present on opposing surfaces of the preparations.
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Figure 9. Screen shots of the digital elimination of the voids and merged STL files.
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Figure 9 illustrates the steps in digital elimination of voids and merging STL files. A,
Screen shot that demonstrated that the buccal and palatal marginal defects were
eliminated from the scans. B, This illustrates that the mesial and distal marginal defects
were eliminated from the preparations digitally. C, Screen shot of merged STL files
made by using the remaining preparation surface areas (red) as landmarks and a best fit
algorithm. D, Merged master cast, defects were eliminated.

A comparison of the data was done by superimposing the STL files of the master
casts onto the STL file of the reference model using the anatomy of the prepared teeth as
landmarks. The total 3-dimensional deviations in the X, Y, and Z planes were detected as
positive or negative discrepancies and recorded in micrometers.
Statistical analysis was done using Microsoft Excel 2016 (Microsoft, WA, USA).
The results were expressed as average errors and standard deviations in the master casts
relative to the reference cast. To account for having both positive and negative values in
the data set, in terms of errors, the Root Mean Square (RMS) value was calculated for
each sample. The RMS value is the square root of the arithmetic mean of the squares of
the values. It gives a measure of the relative magnitude of a data set while eliminating the
negative and positive signs. This is beneficial for 3D analysis since having both positive
and negative values for errors may cancel each other out and lead to misinterpretation of
the data.
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CHAPTER IV
RESULTS
The mean average error in the sample was -0.36 μm. The average upper limit of
95% confidence interval was 36.5 μm, while the average lower limit of 95% confidence
interval was - 37.3 μm. The mean RMS of the errors found was 18.9 μm (Table 3 and
Fig. 10).

Average Error

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Means

0
0.75
-0.8
-0.4
1.0
0.8
-2.8
-0.7
-3.1
0
-0.3
-0.2
-0.6
0.8
0.4
-0.4

Standard
Deviation
13.2
31.1
12.4
14.5
14.4
14.5
37.8
21.8
32.1
12.0
16.0
17.4
17.3
13.7
14.2
18.8

Root Mean
Square
13.2
31.8
12.5
14.6
14.5
14.7
37.8
22.1
32.2
12.0
16.0
17.4
17.4
13.8
14.2
18.9

Lower
limit of
95%
confidence
interval
25.9
61.7
23.5
28.0
29.2
29.2
71.3
42.0
60.0
23.5
31.1
33.9
33.3
27.6
27.9
36.5

Upper limit
of 95%
confidence
interval
-25.9
-60.2
-25.1
-28.8
-27.3
-27.6
-76.9
-43.4
-66.1
-23.5
-31.6
-34.3
-34.4
-26.1
-27.8
-37.3

Table 3. Raw data for the 15 samples demonstrating average errors, standard deviations,
RMS values, upper and lower limits of 95% confidence intervals. Measurements are in
micrometers (μm).
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Figure 10. Graphic representation of the maximum and minimum errors in relation to the
root mean square.

Figure 11. 3D analysis of merged scans.
Figure 11 shows the 3D analysis of a set of merged scans compared to the reference cast.
The green represented errors within -40 to +40 μm. The mean error for most of the
samples was within this range; this was evenly distributed throughout the surfaces of the
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preparations. The buccal, palatal, mesial and distal marginal areas were within 40 μm of
error for all samples and were termed clinically acceptable.

Figure 12. Screen shot of 2D analysis of one slice for #3.
Figure 12 demonstrates the location of a palatal-buccal slice through #3 in preparation for
2D analysis of the merged scan compared to the reference cast.

Figure 13. Screen shot of 2D analysis of #3.
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Figure 13 shows 2D analysis of one sample for the merged scans of the preparation for
tooth #3 compared to the reference cast. Maximum errors were within 29.5 μm at the
buccal margin area. Mean errors in this section ranged from -7.8 to 6.8 μm. Green circles
outline areas of maximum deviations.

Figure 14. Screen shot of 2D analysis of one slice for #5.
Figure 14 demonstrates the location of palatal-buccal slice through #5 in preparation for
2D analysis of the merged scan compared to the reference cast.

Figure 15. Screen shot of 2D analysis of #5.
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Figure 15 shows 2D analysis of one sample for #5 merged scans compared to the
reference cast. Maximum errors were within 30 μm at the palatal margin area and buccal
cusp. Mean errors in this section ranged from -5.8 to 11.1 μm. Green circles outline areas
of maximum deviations.

Figure 16. Screen shot of 2D analysis of one mesiodistal slice of the preparations for #3,
5. Figure 16 demonstrates the locations of one mesiodistal slice through #3 and #5
preparations for 2D analysis of the merged scan compared to reference cast.
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Figure 17. Screen shot of 2D analysis for the preparations of #3, 5.
Figure 17 shows 2D analysis of one sample slice for #3 and #5 merged scans compared to
the reference cast. Maximum errors were within 19.5 μm at the mesial margin area of #5
and the disto-occlusal surface of #3. Mean errors in this section ranged from -16.5 to 19.5
μm. Green and blue circles outline areas of maximum deviations.
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CHAPTER V
DISCUSSION
The purpose of this study was to compare the accuracy of digital master casts
reconstructed from merged STL files of defective impressions with those of the
original defect-free preparations. The null hypothesis was accepted as the errors in
all samples were within clinically acceptable limits when compared to the master
cast. In this study, the threshold for clinically acceptable marginal error was 40 μm.
This threshold was lower than what other studies have used as clinically acceptable.
Jacobs and Windeler found no difference in cement dissolution for marginal
gaps of 75 μm or lower, while 150 μm gaps had significantly higher dissolution. 24
Their study, however, was based on zinc phosphate cement which has a higher
dissolution rate than most resin cements used today.52,53 Christensen assessed
marginal integrity of gold inlay castings examined by experienced practitioners and
found that most practitioners were more lenient when assessing margins located in
the gingival third of preparations/restorations; they reported that gaps up to 119
μm as being acceptable.25 The current study assessed complete coverage crowns
where all margins were located supra-gingivally. As for the effect of restorative
material on marginal gaps, several studies reported that marginal gaps for all-ceramic
restorations between 100-150 μm were clinically acceptable.28-32
Merging digitized oral structures has been widely implemented in dentistry
for various modalities including restorative and surgical planning.38-40 However, to
the author’s knowledge, this is the first study that assessed merging technology to
correct defects in definitive impressions for fixed prosthodontics.
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The accuracy of the final data set was dependent on the cumulative errors
that may have occurred during data acquisition and merging. Careful attention to
every step in the process was critical.37 To minimize confounding factors in this
study, data collection for each sample was standardized. All impressions were made
with sectional stock trays using the same brand of PVS light and medium body
impression material, Imprint II Garant Quick Step (3M ESPE, MN, USA). The
impressions were scanned with the same protocol using the impression mount in
the extraoral scanner (E3, 3Shape, Denmark).
An addition silicone material was selected because of its high accuracy and
superior dimensional stability.13 Using the same scanner for all impressions was
important as different scanners may have different levels of accuracy. These
different accuracy levels exist due to several factors including the physical
resolution of the system, post-processing and matching algorithms and finally the
size of the triangle in created STL files.2 One more factor to consider is that the areas
in the impressions used for superimposition must be defect free in both impressions
for an accurate superimposition to be possible.
An extraoral, rather than intraoral, scanner was selected for digitization to
simulate everyday clinical practice workflows, as the process of digitizing and
correcting defects for suboptimal impressions is expected to take place in the dental
laboratory. Samet et al. found that 89.1% of impressions received by dental
laboratories had 1 or more observable errors; almost 50% of the errors occurred at
the finish line of the preparations.51 This was an important finding, as conventional
impressions have been required in certain clinical situations that include deep
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subgingival margins, difficult moisture control or complete arch prosthodontics.2,7-10
As these types of cases are generally more difficult to impress completely and
accurately, it is reasonable to expect more defects occur when making these
impressions.
Regarding the methodology that compared the accuracy of STL files, Bohner
et al. compared accuracy of intraoral and extraoral scanners using GOM inspect
software (GOM, Zeiss, Germany) and found no statistically significant differences
between the systems.11 They used an industrial computed tomography scan as a
master reference and superimposition was done using 2 unprepared teeth as
landmarks while applying a best fit algorithm. In the current study, it was found that
for the level of precision required, using the prepared teeth only as the landmarks,
while eliminating all other information in the data set resulted in favorable
outcomes and gave consistently accurate image merges.
Guth et al. used a titanium model of a 4-unit FDP digitized using an industrial
CBCT scan as a reference cast to compare the accuracy of 5 intraoral scanners to
that of a laboratory scanner. Qualify 12, Geomagic was used to compare the
resultant STL files. Before superimposition, the data sets were reduced to the field of
interest that facilitated a precise superimposition, then a best fit algorithm was used
for comparison.2 This superimposition process was similar to the one used in the
present study. Mandelli et al. also used an industrial 3-D scanner that digitized a
titanium model as a reference and showed that a standardized reference model was
suitable for assessing trueness of STL files.48
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In the current study, an STL file was created with one scanner of a flawless
impression. This impression was made on the same dentoform using the same
impression procedure for both the test and the reference. This insured that the only
variable between the test and reference casts would be the merging procedure itself.
Furthermore, 3 impressions were made and scanned before the reference scan was
selected to demonstrate the high level of precision in the scanning process and
ensure any confounding effect would be negligible.
Several in vitro studies have used direct scans of models made of materials with
different refractive indexes relative to teeth to represent clinical situations.6 Others have
used an industrial computed tomography scan as a master reference.31,11,48 In the
current study, the master reference was made as a “perfect impression” scanned in
the same manner as the test or “defective impression, corrected digitally”.
Although scanning impressions may incorporate some errors due to the
polymerization shrinkage that occurs in PVS materials, an assumption was made
that this error would be uniform across the data set, since they were handled in the
same manner. It was thought that this should not skew the results. Furthermore, as
the impressions were not poured, dimensional changes of dental stone materials
were avoided.
Renne et al. conducted a study that evaluated the marginal fit of crowns
fabricated with CAD/CAM technology in relation to preparation quality. They found
that poor quality preparations had worse marginal fits of the definitive crowns.49
This is an important factor to consider as the current study aimed at improving
outcomes with impression defects in definitive impressions, not preparation design.
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Adequate tooth preparation regarding fixed prosthodontic treatment is still
imperative.
In 2016 Villaumbrosia et al. compared scans obtained with extraoral scans of dies
with sharp rough areas versus smooth regular areas. While, all scanners in their study
produced acceptable scans, smooth and regular surfaces were scanned more accurately
than sharp roughened ones.3 Moreover in 2008, Persson et al. noted that the shape of
preparations influenced accuracy of the scanning procedures. These studies further
supported that sound principles of tooth preparation must be followed regardless of the
clinical workflow used.54
One of the main limitations of this study is that the software used for alignment
and merging of the STL files is not commonly used in dental laboratories, as it is not a
dental software. The proof of principle however, provided in this study could encourage
commercially available dental software companies to incorporate similar merging options
in their upcoming versions.
Future projects related to this topic may investigate the accuracy of fabricating
crowns on master casts created from the same merging protocol used in this study. This
would allow visualization of marginal gaps present when using merging versus standard
protocols.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

Based on the findings of this study, the following conclusions were drawn:
1. The digitization procedure used in the study (3Shape E3 extraoral scanner) was a
reliable and repeatable method for acquiring digital casts.
2. Obtaining a reference cast through indirect digitization of a master impression
demonstrated high level of precision.
3. Digital elimination of defects in the test impressions resulted in accurate master
casts when compared to the reference cast.
4. Merging of the two test casts using only the preparations as landmarks, while
eliminating all other surfaces, was a reliable method for achieving accurate
merges.
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